Actuated beam pen lithography (BPL) was performed on a system consisting of an array of near field apertures coupled with a digital micromirror device (DMD) that directed light to specific locations on a surface with high spatial resolution ( Supplementary Fig. S1 ). The actuated BPL apparatus was based on a modified Park Systems XE-150 scanning probe platform. BPL pen arrays were magnetically mounted on a scanner head consisting of a square frame with a 1 × 1 cm 2 aperture that allowed the pens to be optically addressed. This head was vertically positioned by a piezoelectric scanner on the head.
Samples for lithography were held on a vacuum chuck on a stage below the head which was positioned in X and Y with stepper motors for coarse positioning and piezoelectric scanners for fine positioning.
Additionally, the sample was tilted with stepper motors (roll and pitch) to level the sample with respect to the BPL pen array. In order to project spatially patterned light onto the BPL pen array, we utilized a commercial DMD (DLP LightCommander -Logic PD) in which the provided LED light source had been onto the surface of the beam pen array. This lens was chosen for a high reproduction ratio (1:1) and short minimum focal length (1 foot). Because of the adjustable focal length of this lens, the system could in principle be adjusted such that (1) each pen receives light from one mirror in the DMD array, (2) a single mirror directs light to multiple pens, or (3) many mirrors direct light onto a single pen to maximize the light intensity in each pen. In the present work, we operated in regime (3). The image projected by the DMD onto the surface of the pen array was controlled by a computer running custom software written in MATLAB (The Mathworks Inc.). Alignment between the projected image and the pen array was monitored by a CCD camera (PLB782 -PixeLINK) and adjusted in a MATLAB interface until alignment was achieved. During patterning, the motion of the XE-150 was controlled by a computer running Park Systems scanning probe software while the state of the projector was controlled by the MATLAB computer. To coordinate the actions of the two computers, the MATLAB computer monitored the voltage signal generated by the strain sensor on the Z-piezo through a data acquisition module (NI-USB 6212).
The projection system was mounted on an optical isolation table and attached to an optical breadboard to minimize vibration. It is important to emphasize that the scanning probe lithography system also rested on the optical table without any additional vibration isolation. Having both systems rigidly mounted on the 10 same surface was necessary to keep the systems stable enough to perform alignment and patterning. The projector was placed on an optical breadboard mount which was positioned vertically using adjustable legs. A beam splitter (CM1-BS 013) was positioned above the pen array using a series of ½" posts connected to both the projector and the lithography system. The beam splitter reflected the patterned light to the pen array while allowing for observation from above by a camera mounted at a 90º angle to the projector using a mirror and additional ½" posts. The entire apparatus was manually adjusted to achieve coarse alignment and then screwed together to minimize vibration.
Fabrication of Beam Pen Lithography Pen Arrays.
BPL pen arrays were fabricated starting with polymer pen lithography (PPL) pen arrays made by our previously published technique 11, 6 (Supplementary Fig. S2 ). Hard PDMS composed of 3.4 g of vinyl-
compound-rich prepolymer (VDT-731, Gelest) and 1.0 g of hydrosilane-rich crosslinker (HMS-301) was poured onto a Si master with an array of square pyramidal pits followed by curing at 80 ºC in an oven for 24 hours. After peeling the PPL pen array off the Si master, it was treated with an air plasma at 200 mbar and 60 W for 1 min. Next, 5 nm of Ti followed by 100 nm of Au with was evaporated using an electronbeam evaporation system (Kurt J. Lesker Co., USA) onto the pen array at 0.5 Å/s to make the entire pen array opaque. In order to open apertures on the apex of the pyramidal pens, poly(methyl methacrylate) (PMMA 950 c 7, MicroChem Inc., USA) was spin-coated on the metal-coated pen array at 1000 rpm for 1 min and baked at 150 ˚C for 5 min. The PMMA coating is repeated an additional one to three times to ensure complete coverage. Reactive ion etching was then employed to homogeneously etch PMMA until the apexes of the pens were exposed. Throughout this process, the array was observed in an optical microscope once a minute in order to stop etching precisely when the apexes were exposed. Typically, etching with 50 W for 5 minutes in 13.3 mTorr O 2 was sufficient. The gold at the apexes of each pen was then removed through soaking in a selective chemical etch (Gold Etchant TFA, Transense Company Inc., USA) for 80 s, leaving an aperture at the tip of each pen in the array. Finally, rinsing in acetone removed the residual PMMA.
Aligning the Projected Light with the Pen Array.
Alignment between the projected light and the pens in the BPL pen array was necessary to achieve individual addressability and was a key challenge in this work. The optimal use of the DMD is in a far field projection mode where focusing optics reproduce the image generated on the surface of the 11 DMD on a distant object. In order to ensure that the pattern generated by the DMD was reproduced in focus and in the correct location of the beam pen array, a combination of hardware and software adjustments was used.
In the initial alignment stage, light pattern generated by the DMD was focused on the plane of BPL pen array to minimize distortion. As mentioned earlier, a lens with a minimum focal length of 12" was employed to focus the light from the DMD. The light was then guided onto the scanning probe platform and reflected onto the beam pen array by a beam splitter. The optical components were manually adjusted to ensure that the focal plane of the lens was coincident with the tip array.
The next step was to establish a mapping between the mirrors in the DMD and the pens in the array. This was accomplished using a custom MATLAB program that displayed a checker board pattern on the projector ( Supplementary Fig. S3 ). The pitch, orientation, and position of the boxes were adjusted in software until the projected image matched the pens in the array. It is important to note that for alignment to be achievable in software, many (>10) mirrors must be addressing each pen. If one-to-one correspondence between pens and mirrors is desired, the alignment must be accomplished by physically moving the optical components.
Software Control of Actuated Beam Pen Lithography.
The challenge of synchronizing the motion of the scanning probe lithography system with the image projected by the DMD was solved by using custom software written to form a closed loop system.
At the heart of this operation was a custom MATLAB program that (1) generated the image to be projected, (2) output an instruction file for the patterning software, (3) monitored the control signals of the scanning probe instrument to coordinate timing, and (4) directed the DMD device to display specified patterns at specified times. First, a master image was loaded into the software. During the pen alignment procedure ( Supplementary Fig. S3 ), the user entered the number of pens in the array allowing the software to break the image into square sections corresponding to what each pen will write. Having dissected what each pen will do, the software evaluated what image the projector would need to display at each location. This step was important because it was possible to entirely skip locations where no pens will write. The user was then asked to input patterning parameters including the spatial size, location and rotation of the pattern in addition to four timing parameters. The software then generated an instruction file (file extension .ppl to be read by the commercial Park Systems software) that guided the Park Systems patterning software through the writing process. This was achieved by encoding each point as a separate entity which also ensured that the points will be addressed in the expected order.
To begin patterning, both software systems were simultaneously started. The MATLAB software remained synchronized with the motions of the scanning probe lithography system by monitoring the voltage recorded by the of the strain sensor attached to the Z-piezo. By observing when the Z-extension voltage changed from positive to negative, the MATLAB code inferred when the BPL pen array came into contact with the patterning surface. Once a trigger voltage was passed, the code waited a set delay time (typically 1 s) and then sent a message to the projector to display the first image. After waiting the set exposure time (typically 2 s), the software sent a message to the projector to switch back to displaying a black screen. Following this, the next image was loaded to the projector. The Park Systems software was instructed to remain in contact for a dwell time equal to the set delay time plus an additional safety time (typically 0.5 s) to ensure that patterning was finished before moving on to the next location. The MATLAB software observed when the tip array was retracted and waits for the next approach to repeat the cycle. This process repeated until the complete image was written to the surface. The software was capable of writing in grayscale or black and white; writing in grayscale sends an 8-bit value to each mirror, causing the mirror will flip on and off with a duty cycle proportional to that number. This feature allowed different size features to be written simultaneously.
Lithographic Procedure
Actuated BPL was performed using a modified photolithography protocol. A Si/SiO2 surface was spin-coated at 4000 rpm for 45 s with a layer of positive-tone photoresist (Shipley1805, MicroChem Inc., USA) that had been pre-diluted with propylene glycol monomethyl ether acetate (MicroChem Inc., USA) at 1:1 or 1:4 for 150 nm or 40 nm thick photoresist layers, respectively. The photoresist-coated substrate was then soft-baked on a hot plate at 115˚C for 1 min. To improve the performance of the resist for liftoff processing, a layer of lift-off resist (LOR 3A -MicroChem Corp.) was spin-coated prior to the pattern resist at 4000 rpm for 1 min and then baked at 180 ˚C for 5 min. Samples for patterning were then mounted in the actuated BPL apparatus and the pen array was leveled following an optical leveling procedure. Patterns were then written frame-by-frame with an exposure time between 2 and 10 s depending on the thickness of photoresist and desired feature size. To modulate the dosage of light delivered at each point, the mirrors were turned on and off 4000 times a second, resulting in the time averaged intensity of light being proportional to the fraction of time that the mirrors were in the ON state, also known as a duty cycle. To perform the dose test (Figure 2a ), points were written with a duty cycle 13 between 0.5 and 1 with a constant exposure time of 4 s. By raster scanning across the surface, every spot on the sample is addressable and arbitrary patterns were written. Exposed substrates were developed for 1 minute in MF24A (MicroChem Inc. USA). Typically, 5 nm Cr and 15 nm Au were evaporated onto the sample followed by an overnight lift-off in Remover PG (MicroChem Inc., USA). Final patterns were characterized using atomic force microscopy (Dimension Icon -Bruker), optical microscopy (AxiovertZeiss), and scanning electron microscopy (S-4800-II -Hitachi).
Design and Testing of Surface Acoustic Wave Delay Line Oscillators
Surface acoustic wave ( S6c ). As the typical insertion loss 27 for similar devices is ~60 dB, the total 80 dB gain provided by these two amplifiers is necessary to sustain an oscillation. The output voltage of the oscillators was monitored by an oscilloscope (WaveSurfer 104MXs -LeCroy) which performed a fastFourier transform of the input signal collected at 50 MS/s. The position of the largest peak (11.9 MHz) matches very well with the theoretically predicted fifth harmonic (12.3 MHz). Less intense peaks were also observed in the locations predicted for the other harmonics.
Wire Connection Procedure
A dilute ethanolic solution of Si nanowires that had been doped to have a p-i-p profile (730874 -Sigma Aldrich) was drop cast onto a heated SiO 2 /Si substrate (hot plate set to 65°C) that had metallic contact pads and alignment markers. The distribution of nanowires was observed using an optical microscope (Carl Zeiss, USA) ( Supplementary Fig. S7 ). A layer of S1805 photoresist (MicroChem Inc., USA) was spin-coated on sample at 4000 rpm and it was baked at 115˚C for 1 min. The pattern used to connect the nanowires to the electrodes was designed in Photoshop by simply drawing lines on the optical 14 microscope image ( Supplementary Fig. S8 ). After the patterning, the substrate was coated with 5 nm Cr and 150 nm Au followed by an overnight lift-off in Remover PG (MicroChem Inc., USA).
Estimation of Maximum Writing Speed
As throughput is an important consideration for any lithography system, we aim to formulate an estimate of the maximum writing speed achievable by a tool based on these principles. The important parameters that determine the writing speed are the pitch of the tips P, the time required for the array to write a point t, and the desired resolution R. The total time T required to write a reticle is therefore
To generate the pattern in Figure 3a in which t = 2.5 s, P = 100 μm, and R = 1 μm, we compute T ~ 7
hours. As is clear from Equation (1), improvements in P and t can dramatically decrease T.
The most straightforward way to improve this writing speed is to decrease t. The writing period is determined by the exposure time, data upload time, and tip transit time. Data upload can happen concurrently with the other steps. The exposure time typically used was 2 s with a 440 mW light source.
This power can be scaled up 100x and still be less power than one used in conventional DMD projectors, leading to potential exposure times under 20 ms. The current data rate is: 256 bits per pixel × 0.786 megapixels with an upload time of ~1 s giving ~25 Mbytes/s, which is dictated by the USB 2.0 protocol with which we transfer data to the projector. A high speed video connection (e.g. HDMI) can provide > 3
Gbytes/s, easily allowing us to transfer frames at a fast enough rate to keep up with the 20 ms exposure time. Currently, the transit time between points is about 500 ms, but this can be greatly reduced by withdrawing the tip a shorter distance from the surface, resulting in ~100 ms transit times. With these relatively simple adjustments, the writing period t can be reduced to ~120 ms, meaning that a 1 cm 2 reticle with R = 1 μm would require 20 minutes to pattern, resulting in a ~20 fold improvement in writing speed.
To further increase patterning rate, the pen pitch P can potentially be reduced by switching from a projection lens to a 2× microscope objective while maintaining a 1 cm wide field of view. This would allow a dramatic reduction in P, with the limitation now coming from the magnified size of the pixels in the array, giving a minimum pitch of P ~ 5 μm from of the ~10 μm pitch of mirrors in the DMD.
Furthermore, the transit time can be decreased by consolidating the software and using a single system to 15 operate the optics and piezo stage; the stage alone can advance to new points in 30 ms. Using these optimized conditions, the total writing period can be decreased to ~70 ms. This implies that writing 1 cm
